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Above both poles harsh temperature gradients fuel strong westerlies. These
winds form a vortex, which will breakdown in spring. During sudden stra-
tospheric warmings (SSW), however, the polar vortex is dramatically dis-
rupted earlier than expected. The Arctic experiences one SSW every two
years, however, the Antarctic has only had two. The most recent Antarctic
SSW occurred in 2019, here, temperatures in the stratosphere rose by 50 K,
and the mesospheric winds reversed. The anomalies induced by the SSWs
influence the neighbouring atmosphere. The 2019 SSW contributed to the
dry spring conditions over Australia, and the ozone hole was extraordinarily
small. Currently, SSWs are believed to occur as planetary waves interact
with the polar atmospheric flow. Our understanding, however, remains
incomplete.
This thesis investigated the dynamics of the 2019 Antarctic SSW, using
MERRA-2 reanalysis data, first locally around the pole, then extending
towards the equator. Later analysis was expanded to consider the 2002
SH SSW and other years with similar equatorial flow. Using geopotenital
height, zonal wind and potential vorticity, we found that the mesospheric
vortex was displaced and weakened - well before the SSW onset date. This
motivated us to peer into the upper atmosphere, and extend our analysis to
the equator. We found an intersection between two equatorial atmospheric
modes, the quasi-biennial oscillation (QBO) and the semiannual oscilla-
tion (SAO), during the SH winters of 2019 and 2002. In early winter the
two modes merge over the equator, during their easterly phases. Together
they form a zero-wind line that stretches from the lower stratosphere into
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the mesosphere. This influences the meridional wave guide, and easterly
momentum is deposited in the mesosphere throughout the polar winter, re-
ducing the magnitude of the westerly winds. As the winter progresses these
features descend into the stratosphere, until SSW conditions are reached.
We find similar behaviour in two other years, 1988 and 2017, which have
dynamical disruptions later in the spring. The timing and magnitude of
the SAO-QBO intersection, in the years with SH SSW, was unique when
compared to the years with a similar QBO phase.
We theorise that this early winter behaviour could be a key physical pro-
cesses that decelerates the mesospheric winds, which may precondition the
Southern Hemisphere for a SSW. Hence, the early winter equatorial upper
stratosphere-mesosphere together with the polar mesosphere may provide
critical early clues to an imminent SH SSW - potentially extending the
current predictability from ∼ 10 days to multiple months.
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The Antarctic winter of 2019 experienced a rare atmospheric disruption known as a
sudden stratospheric warming (SSW). Between September 5-11, stratospheric temper-
atures rose by 50 K and the polar mesospheric winds reversed - with the winds at
10 hPa and 60◦S decelerating by 60 m/s (Yamazaki et al., 2020; Rao et al., 2020).
SSWs influence neighbouring atmospheric dynamics on a seasonal to sub-seasonal
timescale. The 2019 SSW pushed the Southern Annular Mode (SAM) into a negative
phase, which shifted polar westerlies (eastward winds) towards the equator (Doddridge
and Marshall, 2017; Rao et al., 2020). This movement of strong westerlies intensi-
fied the devastating Australian wildfires, which began in the following November (Lim
et al., 2019). Furthermore, higher polar temperatures and weaker winds shrunk the
ozone hole - to its smallest size since the 1980s (Eswaraiah et al., 2020). These in-
triguing dynamics attracted media attention. A headline written about the 2019 SSW
can be seen in Figure 1.1, along with an image visualising it in Figure 1.2.
Developing our understanding of SSW drivers and dynamics would increase our ability
to predict them. This would help governments prepare for their impacts - which can be
severe. Most of our understanding about SSWs stems from Arctic occurrences, where
major1 events take place almost every other year (Charlton and Polvani, 2007). The
2019 SSW, which was deemed "minor", is only the second to occur since record keeping
began (Rao et al., 2020). The other was "major" and occurred in 2002. This latest SH
SSW provides a unique opportunity to investigate the dynamics of SH SSWs.
1Major vs minor SSWs will be explained in an upcoming section
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Figure 1.1: Headline from a Stuff.co.nz article about the 2019 SSW (from https://
www.stuff.co.nz/science/115841066/extremely-rare-stratospheric-warming
-shows-no-sign-of-ending)
Figure 1.2: Projected stratospheric temperature anomaly from NIWA for September 1
2019 (from https://niwa.co.nz/news/rare-weather-phenomenon-possible)
In this thesis, we first investigate the behaviour of the polar vortex before, during and
after the 2019 SSW. We used various reanalysis fields to estimate its size and location.
Later, an intersection between the quasi-biennial oscillation (QBO) and semiannual
oscillation (SAO) in the Southern Hemisphere, during the winters of 2002 and 2019
(the two years with SH SSWs), is presented. Both 2002 and 2019 exhibited clear
easterly QBO conditions during the SH polar winter, leading to a comparison with
other easterly QBO years in the SH. We find an intersection between the QBO and
SAO during the austral winters of 2019 and 2002 that is unique in its timing and extent.
Coinciding with the SAO-QBO intersection is an intensification of atmospheric wave
propagation, which deposits easterly momentum in the upper atmosphere throughout
the two winters. This culminates with a disturbed SH polar stratosphere and the
observed SSW events.
2
1.1 Organisation of this Thesis
Chapter 2 gives an overview of relevant fluid mechanics. The subsequent chapter
will explain the pertinent aspects of the middle atmosphere. Chapter 4 will describe
the data and methods used. Chapter 5 presents the analysis which investigated the
behaviour of the 2019 sudden stratospheric warming. Chapter 6 contains the second
analysis, where interesting equatorial dynamics in 2019 and 2002 was found. Chapter
7 discusses these results, and outlines a new theory, which needs further work to prove,
but, may help explain the rarity of SH SSWs. This is followed by some concluding
remarks and suggestion for further work in Chapter 8.
1.2 Original Work
This thesis was a collaboration between myself and my supervisor. The research topic
was proposed by Dr. Annika Seppälä, who was curious about the recent Southern
Hemisphere SSW. This worked used the reanalysis data set MERRA-2, which is made
available by NASA. I began this work by learning the relevant atmospheric dynamics
from Holton (2012). I downloaded the all data, wrote all the analysis code in py-
thon and undertook the analysis with suggestions and comments from Dr. Seppälä.
My code can be found at https://github.com/Viktoria-Nordstrom/Masters-Code.
The results in Chapter 6 were initiated after I read the paper by Osprey et al. (2016),
whose Figure 2 ignited my curiosity, and I aimed to reproduce it with the latitudinal




This chapter provides an overview of the relevant atmospheric dynamics.
In meteorology horizontal wind, or V1, is often split into its zonal (longitudinal) and
meridional (latitudinal) components. The symbols used are: u2 for zonal wind, and v
for meridional wind. The meridional wind is positive in the northerly (flow from North
to South) direction. Whilst, the zonal wind is positive in the westerly (West to East)
direction.
2.1 Conservation Laws
Fluids obey the conservation of momentum, mass and energy. Momentum conservation
emerges from Newton’s second law: an object’s acceleration, the change of momentum
with time, is a vector equal to the net force divided by the objects mass. For meteoro-
logical motions of synoptic scale3, the approximate momentum conservation equation




+ fk×V = 1
ρ
∇p (2.1)
1Bold face variables are vectors
2Italics are used for scalars






+U·∇ is the material derivative, U is the 3D velocity vector, V = iu + jv
is the horizontal velocity vector, k is the unit vector in the vertical direction, f= 2Ω sinφ
is the Coriolis parameter, where Ω is the rotation rate of the Earth and φ is latitude;
ρ is the density of the fluid, and ∇p is the pressure gradient force. This approximate
momentum conservation, for synoptic scale motions, neglects the molecular friction
term, vertical velocity and curvature terms, which arise in the complete form of the
equation (Holton, 2012).
Fluid flow throughout a closed system conserves mass, which is expressed mathemat-





+∇ ·U = 0 (2.2)
The conservation of energy for a fluid, equation (2.3), is derived from the first law of
thermodynamics. For a system in thermodynamic equilibrium: the change in internal
energy of the system is equal to the difference between the heat added to the system and








where T is the temperature of the fluid, cv is the specific heat at constant volume, α
= 1/ ρ and J is the heating rate per unit mass due to radiation, conduction and latent
heat release.
2.2 Approximations
Meteorology uses approximations to simplify the conservation laws. Here we present
those relevant for this work.
2.2.1 Scale Analysis
Meteorology often employs scale analysis to estimate the magnitude of the terms in
the conversation laws. The typical values of the following are usually specified (Holton,
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2012):
1) Magnitudes of the field variables, i.e atmospheric properties such as pressure, density,
temperature etc.
2) Amplitudes of fluctuations in the field variables
3) Characteristic length, depth and time scales over which fluctuations occur
For synoptic-scale motions, the characteristic scales of field variables are determined
by observed values for mid-latitude systems, which are here listed in Figure 2.1. For a
full explanation of these quantities see section 2.4 of Holton (2012).
Figure 2.1: A list of characteristic scales for field variables (Holton, 2012)
2.2.2 Scale Analysis and Boussinesq Approximation of the Con-
tinuity Equation
This clever approximation allows us to simplify the continuity equation. Employing










+∇ ·U = 0 (2.4)
where ρ is expanded as ρ(x, y, z, t) = ρ0(z)+ρ′(x, y, z, t), where ρ′ is the deviation from
its horizontal average (ρ0).
Using scale analysis, and that for synoptic scale motions ρ′/ρ0 ∼ 10−2, the first term
on the left has a magnitude ≈ 10−7s−1 (Holton, 2012). The second two terms are found
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to have magnitudes of ≈ 10−6s−1. With the first term being an order of magnitude













Furthermore, the Boussinesq approximation idealises vertical displacements as relat-
ively small, and thus the corresponding change in density is also small (Holton, 2012).
When this approximation is used density is replaced by a constant mean value, ρ0,












Scale analysis of the momentum equation (2.1), over mid-latitude synoptic scale mo-
tions, gives the Coriolis force and pressure gradient force as approximately balanced,
see Figure 2.2. This leads to the geostrophic relationship:










This gives an approximate relationship between the pressure field and horizontal ve-
locity in large-scale extra tropical systems, where the horizontal velocities are approx-
imately geostrophic (Holton, 2012). These motions in reality are usually referred to as
quasi-geostrophic.
Using the geostrophic approximation a horizontal velocity field, Vg, is defined, which





Note, that the horizontal geostrophic wind approximates the true horizontal wind
within 10-15% in mid latitudes (Holton, 2012).
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Figure 2.2: Horizontal geostrophic wind force diagram for the North-
ern Hemisphere (from www.pressbooks-dev.oer.hawaii.ed/atmo/chapter/
chapter-10-atmospheric-forces-and-wind/)
2.2.4 Hydrostatic Balance
In the absence of atmospheric motions, gravity is exactly balanced by the vertical









Hence the pressure at any vertical point z is equal to the weight of the unit column
overlaying that point. This is illustrated in Figure 2.3. This is a good approximation
for pressure’s vertical dependence in the real atmosphere - aside from inside tornadoes
and other small scale systems (Holton, 2012).
8
Figure 2.3: Schematic of forces in hydrostatic equilibrium. Little arrows illustrate the
force exerted by air pressure on the air mass in the shaded block. The total net pressure
force, which is upward, is given by the difference between the upward force across the
lower surface and the downward force across the upper surface, and is −dp. Note that
dp is negative, as pressure decreases with height The downward force, gravity, on the
air block is given by ρgdz (Holton, 2012).
2.2.5 Ideal Gas law
Another useful relationship is the ideal gas law, which relates the pressure, temperature
and density at a point in space:
p = ρRT (2.12)
where R is the ideal gas constant.
9
2.3 Useful Physical Concepts
This section will derive physical concepts relevant to this work. These relay information
about the atmosphere’s behaviour. The usefulness of each will be explained in the
relevant section.
2.3.1 Geopotential height
Earth, whilst thought to be round, is actually an oblate spheroid (Holton, 2012). Hence,
gravity is not directed towards the centre of the Earth, except at the poles, but rather
is perpendicular to a geopotential surface (Holton, 2012).
When viewed from the rotating frame of Earth, a geopotential surface is everywhere
normal to the sum of the true gravity force g∗ and the centrifugal force Ω2R. Hence
gravity can be expressed as equation (2.13):
g ≡ g∗ + Ω2R (2.13)
Gravity can also be represented in terms of the gradient of a potential function Φ,
which is the geopotential previously referred to (Holton, 2012):
∇Φ = −g (2.14)
In the integral form, the geopotential is the work required to raise a unit mass to height





In hydrostatic balance, an absence of atmosphere motions, pressure can be expressed











Then using the ideal gas law, equation (2.12), to replace ρ in (2.17).
dΦ = −(RT/p)dp = −RTd ln p (2.18)
Equation (2.18) states that the variation of geopotential, with respect to pressure,
depends only on the temperature (Holton, 2012).
Integrating equation (2.18) vertically gives the hypsometric equation:
Φ(z2) − Φ(z1) = g0(Z2 − Z1) = R
∫ p1
p2
Td ln p (2.19)
where, Z is the geopotential height (GPH) and is equivalent to the geopotential, Φ,
divided by the global average of gravity at sea level:
Z ≡ Φ(z)/g0 (2.20)
In terms of Z the hypsometric equation becomes:





Td ln p (2.21)
where ZT is the thickness of the atmosphere between p2 and p1 (Holton, 2012).
Now defining <T> is the mean temperature of this layer, from between p2 and p1:






Td ln p (2.22)
and the mean scale height, H, to be:
H ≡ R < T > /g0 (2.23)
then plugging equation (2.23) into equation (2.21) and integrating we get:
11
Figure 2.4: Geopotential height at 500 hPa over the SH for 16–26 Sep 2002 (left to right,
top to bottom). Note that the cooler air-mass over the pole have a lower geopotential
height than the warmer mid latitude air (Allen et al., 2006).
ZT = H ln(p1/p2) (2.24)
Hence the thickness of a layer bounded by isobaric4 surfaces, i.e p1 = p2 =constant, is
proportional to the mean temperature of the layer.
In an isothermal5 atmosphere, of temperature T , Z is proportional to the natural
logarithm of pressure normalized by the surface pressure, where p0 is at Z = 0 (Holton,
2012).
Z = H ln(p0/p) (2.25)
Pressure decreases more rapidly with cold air than with warm air, so the geopotential
height is lower over cooler air masses. This can aid in identifying air-masses such as
the polar vortex, which is visualised in Figure 2.4 (Holton, 2012).
4Process where the pressure of the system stays constant
5Processes involving at a constant temperature
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2.3.2 Potential Temperature
For an ideal gas undergoing an adiabatic6 process, the conservation of energy can be
expressed in differential form as (Holton, 2012):
cpD ln(T )−RD ln(p) = 0 (2.26)
where cp is the specific heat and constant pressure. Once integrated from a state of
pressure p and temperature T , to one with pressure ps and temperature θ and taking
the antilogarithm of this new expression, the potential temperature θ is produced:
θ = T (ps/p)
R
cp (2.27)
where θ is the temperature that a dry air parcel, at pressure p and temperature T,
would have if it were expanded or compressed adiabatically to a standard pressure ps
(Holton, 2012). This thesis uses potential temperature in an upcoming calculation.
2.3.3 Rossby Waves and Ertel’s Potential Vorticity
Ertel’s potential vorticity (PV) is used in this thesis to visualise planetary/Rossby
wave breaking (Baldwin et al., 2020). In a baroclinic7 atmosphere, the Rossby wave
is a potential vorticity-conserving motion that owes its existence to the gradient of
potential vorticity (Holton, 2012). These waves, which are often called "planetary
waves" are the largest type to occur in the atmosphere, and transport energy around
vertically and between the equator and poles. Rossby waves in the Earth’s atmosphere
are observed as large-scale meanders of the jet stream, see curvature in Figure 2.5.
Zonal wave number is an integer discerning the number of waves around a latitude
circle Holton (2012). Wave number 0 is symmetric, whilst wave number 1 has one
trough and one ridge, and so on. Rossby waves occupy the wave numbers 1-3.
Ertel’s potential vorticity will be derived here from Kelvin’s Circulation Theorem using
the concept of vorticity.
The measure of a fluid’s rotation is the vector which is the curl of the velocity - named
6A reversible process in which no heat is exchanged with the surroundings
7An assumption that density depends on temperature and pressure
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Figure 2.5: Rossby wave patterns over the North Pole (from https://www.
britannica.com/science/Rossby-wave)
the vorticity (Holton, 2012). There are two forms of vorticity, ωa which takes the curl
of the absolute velocity , and ω which takes the relative velocity.
ωa ≡ ∇×Ua (2.28)
ω ≡ ∇×U (2.29)
Scale analysis of the vorticity vector for synoptic motions reveals that the vertical com-
ponent is roughly 100 times larger in scale than the horizontal (Holton, 2012). Hence
for large scale dynamic meteorology the primary concern is the vertical component of
14
vorticity. The vertical components for absolute and relative vorticity are denoted as η
and ξ:
η ≡ k · (∇×Ua) (2.30)
ξ ≡ k · (∇×U) (2.31)
The difference between the absolute and relative vorticity is the planetary vorticity, i.e
the Coriolis parameter (f ). Thus η = ξ + f .











where a is the radius of the Earth, φ is the latitude in the Northerly direction, λ is the
longitude in the Easterly direction.
Circulation or C, about a closed contour is defined as the line integral evaluated along
the contour which is tangent to the velocity vector (Holton, 2012):
C ≡
∮
U · dl =
∮
|U| cos(α)dl (2.33)
Furthermore, the absolute circulation is Ca, which if one employs Stokes theorem allows
the replacement of a line integral for an area integral:
Ca =
∮
Ua · dl =
∫ ∫
A
ωa · ndA (2.34)
where n is a unit vector normal to the surface.
Now, consider an infinitesimal cylinder that is bounded by constant temperature sur-
faces, for adiabatic flow the potential temperature , equation (2.27), and the mass of the
air of the cylinder are conserved (Holton, 2012). A leading order Taylor approximation
across the cylinder gives dθ ≈ |∇θ|dh, where dh is the height of the cylidner.







Assuming the infinitesimal cylinder to be small enough that the vorticity normal to


























The above equation is the Ertel’s potential vorticity theorem, which states that poten-
tial vorticity or PV, is conversed following the motion (Holton, 2012). This powerful
equation weaves all of the basic physical conversation laws into a single expression.
It constrains the momentum and thermodynamic fields fluctuations, often viewed as
independent, to evolve in accordance with PV conservation.
As stated earlier, the vertical component of relative vorticity is much larger than the








Figure 2.6 shows the potential vorticity for the Southern Hemisphere polar vortex in
2002 - when the vortex split in two. PV is often used to identify the vortex, and how
sections of it are eroded by planetary waves - visualised as filaments being torn off.
The bottom right of Figure 2.6 shows this very dramatically.
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Figure 2.6: Potential vorticity on the 850K isentropic surface (near 10 hPa ∼30 km)
for the Southern Hemisphere on the dates shown during September 2002 (from https:
//www.atmosp.physics.utoronto.ca/SPARC/News20/20_Baldwin.html.
2.3.4 The Eliassen-Palm Flux
The Eliassen-Palm flux (EP-flux) is a vector used in this thesis to visualise wave move-
ment and momentum deposition in the atmosphere. This vector will be derived here
starting from the approximate momentum conservation equation.
Equation (2.1) uses z as the vertical coordinate, however, using equation (2.16), it can
be transformed to having pressure, p, as its vertical coordinate (Holton, 2012). This
is advantageous in meteorology as density no longer appears in the pressure gradient
force, and equation (2.1) becomes :
DV
Dt
+ fk×V = −∇pΦ (2.41)
where ∇p is the horizontal gradient operator applied with constant pressure.
Another useful vertical coordinate is the log-pressure coordinate:
z∗ ≡ −H ln(p/ps) (2.42)
where ps is the standard reference pressure of 1000 hPa, H is the scale height H ≡
RTs/g, with Ts being the global average temperature.
In the log-pressure coordinate system, the zonal component of the momentum equation
is:
Du/Dt− fv + ∂Φ/∂x = X (2.43)
where X is the zonal drag due to small eddies. Now, however, the operator D/Dt is :
D/Dt = ∂/∂t+ V · ∇+ ω∗∂/∂z∗ (2.44)
where ω∗ ≡ Dz∗/dt.
Analysis of zonally averaged flow is done by splitting a variable, say A, into a longitud-
inally varying disturbance (referred to as eddies, denoted by primed variables) and the
longitudinally averaged flow (called the mean flow, denoted with overbars) (Holton,
2012). The variable A is thus expanded to A = Ā + A′. This is called an Eulerian
mean, and is evaluated at fixed latitude, height and time.
Taking the Eulerian mean of the zonal component of the momentum equation requires
expanding all variables as A = Ā+A′ and using the Eulerian mean material derivative.
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To find the zonally averaged flow for equation (2.43), we first expand the material










































Next we expand all the variables in (2.43):
D(ū+ u′)
Dt
− f(v̄ + v′) = −∂(Φ̄ + Φ′)/∂x = X̄ +X ′ (2.47)










∂(ū+ u′)(v̄ + v′)
∂y
+
∂(ū+ u′)(w̄ + w′)
∂z
(2.48)
If we establish the general form of AB we get:
AB = (Ā+ A′)(B̄ +B′) = ĀB̄ + ĀB′ + A′B̄ + A′B′ (2.49)
The two middle terms on the right hand side contain a mean and an eddy component,
and since the means of the fluctuating components vanish, anything multiplied by them
also vanishes:
ĀB′ = A′B̄ = 0 (2.50)
Hence:
(Ā+ A′)(B̄ +B′) = ĀB̄ + A′B′ (2.51)


























































The term in the brackets in the continuity equation, which is equal to zero, as we saw
earlier. The fourth term is zero as the zonal mean of u does not vary in x̂, i.e zonal,
































Using the fact that Ā′ = 0, i.e the mean of eddies =0, the second term on the right in
equation (2.56) is zero. Also note that the fourth term on the right of equation (2.55)



















Now doing the zonal average of the Corilois term in (2.47):
f(v̄ + v′) = fv̄ + fv′ (2.58)











The first term is zero, as the zonally averaged geopotential does not vary in x̂, and
again the second term is zero as Ā′ = 0.
For the last two terms in (2.47), taking the zonal mean of X ′ gives 0. So using (2.57),















− fv̄ = +X̄ (2.60)
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Taking equation (2.60) to be a quasi-geographic motion the ageostrophic mean meri-
dional circulation (the terms involving v̄ and w̄), and the vertical eddy flux term (the
u′w′) are small compared to the remaining terms if one applies quasi-geographic scaling
(Holton, 2012). Hence they can be neglected.
The zonal mean zonal momentum equation for a quasi-geostrophic fluid is:
∂ū
∂t




An alternative to the Eulerian-mean analysis scheme, which provides a clear diagnosis
of eddy forcing, and also provides a more direct view of transport processes in the
meridional plane, is the transformed Eulerian mean (TEM) formulation introduced by
Andrews and McIntyre (1976).
This transformation acknowledges that there tends to be a strong cancellation between
the eddy heat flux convergence and adiabatic cooling, while the diabatic heating term
is a small residual (Andrews and McIntyre, 1976; Holton, 2012).
Since an air parcel will rise to a higher equilibrium altitude only if its potential tem-
perature is increased by diabatic heating, it is the residual meridional circulation as-
sociated with diabatic processes that is directly related to the mean meridional mass
flow (Holton, 2012).
Defining the residual meridional circulation v̄∗









Plugging equation (2.62) into (2.61) we get equation (2.63):
∂ū
∂t
− fv̄∗ = ρ−10 ∇·F + X̄ ≡ Ḡ (2.63)
where Ḡ includes the total zonal force from both small and large eddies, F ≡ jFy +kFz
is the Eliassen-Palm flux, which is a vector in the meridional (y, z) plane (Holton,
2012). For large quasi-geostrophic eddies, it has the components:






For calculations involving latitudes and longitudes, it becomes useful to transform
equations (2.64) and (2.65) into spherical coordinates (Brasseur, 2005):





where a is the radius of the Earth, and φ is the latitude in the Northerly direction.
The φ component of EP flux is proportional to the momentum flux u′v′, whilst the
z component is proportional to the meridional heat flux v′θ′ (Brasseur, 2005). This
thesis will use EP flux to visualise wave movement and momentum deposition in the
middle atmosphere. An example is shown in Figure 2.7, where the arrows show wave
activity leaving the troposphere near 50°N and entering the tropics near 40 hPa.
Figure 2.7: Latitude-log-pressure plot showing February 2016 mean zonal mean wind
(solid and black contours), Eliassen-Palm (EP) flux (black arrows), and their extent





Our atmosphere is stratified. The lowest layer, the troposphere, extends to ∼16 km at
the equator and ∼10 km above the poles, it also cools with altitude (Brasseur, 2005).
Overlaying the troposphere is the stratosphere, which extends to ∼50 km (Moran,
1994). The two are separated by a boundary known as the tropopause. Stratospheric
temperature increases with height, as ozone absorbs the Sun’s ultraviolet radiation
(Brasseur, 2005). Above the stratosphere is the mesosphere which extends to ∼85 km.
Here, temperature again decreases with height. The stratosphere and the mesosphere
and separated by the stratopause. These two layers are regarded as the middle atmos-
phere and are examined in this thesis. The troposphere, stratosphere and mesosphere,
along with their temperature profiles, can be seen in Figure 3.1.
3.2 The Polar Vortex
As winter blankets the pole, a region from 60◦N/S to 90◦N/S, the sharp meridional1
temperature gradient whips the westerly winds into a vortex, see Figure 3.2. This
isolates the polar air, trapping chemicals which destroy ozone (Brasseur, 2005). With
the return of sunlight in spring the vortex dissipates during the final warming (Schoe-
1Latitudinal direction
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Figure 3.1: Atmospheric layers and temperature profile (Brasseur, 2005)
berl and Newman, 2014). The austral vortex is larger, stronger and longer lived than
its boreal counterpart (Schoeberl and Newman, 2014). The difference in strength is
mostly a geographical consequence. The flatness of the Southern Ocean, compared
to the mountainous Northern mid-latitudes, limits the formation of planetary waves2
(Schoeberl and Newman, 2014). When these waves interact with the polar vortex they
disrupt and weaken it.
3.3 Southern Annular Mode
The Northern and Southern annular modes reflect the variability in zonal winds and
atmospheric pressures associated with the polar vortexes. The annular modes are
the leading modes of variability in many atmospheric fields, including surface pres-
sure, geopotential height, surface temperature, and zonal wind (Hartmann, 1998). The
2Explained in section 2.3.3
24
Figure 3.2: A visualisation of Northern hemisphere polar vortex in three ways; total
column ozone, potential vorticity on the 460 K potential temperature surface, and
temperature on the 50 hPa pressure surface from 22 February 2011. (adapted from
https://ozonewatch.gsfc.nasa.gov/facts/vortex_NH.html)
variation of the modes is typically presented by an index, which oscillates between a
positive and negative values. Time series showing how these indexes change reflect
the intra-seasonal change in the zonal flow around the poles (Hartmann, 1998). This
variation for the SAM can be seen Figure 3.3.
Figure 3.3: Monthly average values of the SAM from 1979-2016 (adapted from https:
//www.stats.govt.nz/indicators/southern-annular-mode)
The indices are derived using empirical orthogonal function (EOF) analysis (Baldwin
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and Thompson, 2009; Kushner, 2013) (also known as principal component analysis,
PCA), which identifies the main patterns of variability in horizontal fields. Typically
geopotential height at a specified pressure level is used, see Baldwin and Thompson
(2009) for details.
The Southern Annular mode, or SAM, characterises this index over Antarctica. The
negative index marks a increased Geopotential height over the polar cap, and an
equator-ward shift of polar westerlies (Gillett et al., 2006; Doddridge and Marshall,
2017) as shown in Figure 3.4.
Whilst the SAM is forever fluctuating in the atmosphere, it couples with the stra-
tosphere in late winter (Kuroda and Mukougawa, 2011). A weakening of the polar
vortex during a sudden stratospheric warming can swing the SAM into a negative
index (Taguchi and Hartmann, 2005).The SAM can also be impacted by greenhouse
gases and ozone depletion Arblaster and Meehl (2006).
Figure 3.4: Negative SAM regional climate ans weather impact in the Australia–New
Zealand sector. (Image: Bureau of Meteorology, http://www.bom.gov.au/climate/
sam/)
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3.4 The Quasi-Biennial Oscillation
The Quasi Biennial Oscillation (QBO) is a switching of zonal3 winds in the equat-
orial stratosphere. These winds alternate between eastward and westward every 22-34
months, with an average period of 28 months (Baldwin et al., 2001). This descending
oscillation pattern can be seen in Figure 3.5. Observational and theoretical studies
show that vertically propagating equatorial Kelvin and Gravity-Rossby waves provide
the zonal momentum necessary to drive the QBO.
The QBO dominates the variability of the equatorial stratosphere, but, its influence
stretches to both poles. However, the complete mechanism by which this happens is
unclear (Baldwin et al., 2001). Holton and Tan (1980) were the first to propose that
the QBO modulates the subtropical zero wind line, which influences the propagation of
waves in the stratosphere - a phenomenon known as the Holton-Tan effect (see Watson
and Gray, 2014, and references therein). Figure 3.6 shows how the QBO, polar vortex
and wave movement (EP flux) all interact during the winter, along with visualising the
different atmospheric layers.
3.5 The Semiannual Oscillation
The Semiannual Oscillation is a switching of zonal winds in the equatorial upper stra-
tosphere/mesosphere (Brasseur, 2005). The winds swap between westerly and easterly,
with a complete cycle taking six months. These SAO wind shears descend down from
above the mesopause into the upper stratosphere (Kawatani et al., 2020). The SAO
amplitude has two peaks: one near the stratopause (1 hPa) and another close to the
mesopause (0.01 hPa) (Kawatani et al., 2020). Westerlies maximise close to the equi-
noxes, whilst the easterlies maximise near the solstices (Brasseur, 2005). The SAO
maxima at 1 hPa exhibits a seasonal asymmetry, where the ’first cycle’, which begins
in NH winter, is stronger than the ’second cycle’, which starts with the SH winter
(Garcia et al., 1997; Peña-Ortiz et al., 2010). This behaviour arises from differences
in extra tropical wave forcing, which is generally understood to be stronger in the NH
winter (Garcia et al., 1997). All of this can be seen in Figure 3.7, which shows the
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Figure 3.5: Time height section of the the equatorial monthly averaged zonal wind
from 1980-2021 (measured in Singapore using twice daily balloon measurements) (from
https://acd-ext.gsfc.nasa.gov/Data_services/met/qbo/qbo.html).
the solstices are highlighted.
The drivers of the SAO are not well understood. The prevailing theories suggest that
the westerly accelerations (starting in March and September) are caused by Kelvin
and high frequency gravity waves (Brasseur, 2005). The easterlies maximise (during
December and June) from advection of easterly momentum across the equator, by the
upper branch of the Brewer-Dobson circulation (Smith et al., 2020).
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Figure 3.6: Atmospheric structure, mesosphere, stratosphere, troposphere (top to bot-
tom), and large scale dynamics; winter westerlies and polar vortex and summer east-
erlies; the white line represents the zero wind line at the equator, the purple arrows
represent the EP flux - wave propagation. These arrows show how with easterly QBO in
the stratosphere the waves are reflected and deposit easterly momentum (wavy purple
lines) at the polar region – the Holton-Tan effect.
3.6 Sudden Stratospheric Warmings
3.6.1 Dynamics
As mentioned in section 3.2 the polar vortex dissipates in spring. During a sudden
stratospheric warming (SSW), however, this happens earlier than expected. SSWs
are thought to form after an interaction between planetary waves and the mean flow
(Matsuno, 1971).
Within days of the SSW’s onset the vortex weakens, becomes contorted and can break
up (Holton, 2012). There is a large-scale warming of the polar stratosphere, which can
reverse the meridional temperature gradient, creating an easterly zonal wind (Volland,
1988). After the SSW the vortex will recover back to westerlies.
The World Meteorological Organization (WMO) separates SSWs into two types, major
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Figure 3.7: Time–height sections of the zonal mean zonal wind over the Equator using
MLS (satellite) derived winds averaged between 2005-2016. This wind pattern, the
high altitude switching of westerly and easterly equatorial zonal mean zonal winds, is
the SAO. The green bar shows the stratopause and the red boxes the easterly SAO
maximum near the solstices. Adapted from Kawatani et al. (2020).
and minor (Charlton and Polvani, 2007). When discussing SH SSWs it is important
to note that these definitions are based on Northern Hemisphere (NH) events (Butler
et al., 2015). Major events occur when the mean zonal winds reverse at 60◦ latitude and
10 hPa and the stratospheric temperature increases, often between 30-50 K (Volland,
1988). Minor events have similar temperature changes to major warmings, but, depict
no wind reversal at 60◦ and 10 hPa (Volland, 1988).
A further classification separates SSWs based on their contortion of the polar vortex
(Charlton and Polvani, 2007). A "vortex displacement" shifts the vortex off the pole,
where it forms a "comma shape", see Figure 3.8(a). A "vortex split" sees the vortex
break up into two pieces of comparable size, Figure 3.8(b). Displacement and split
SSWs are often associated with large amplitudes of zonal wave numbers 1 and 24,
4Explained in section 2.3.3
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respectively (Charlton and Polvani, 2007).
Figure 3.8: Stereographic projections over the Arctic. The shading represents the
position of the vortex during, (a) a vortex displacement type warming that occurred
over the Arctic in February 1984; (b) a vortex splitting type warming that occurred
over the Arctic in February 1979. (Charlton and Polvani, 2007)
The aftermath of a SSW lingers in the polar atmosphere for months. SSWs contribute
to the size of the ozone hole via two different mechanisms. First, the warming of the
stratosphere stifles the formation of polar stratospheric clouds (Shen et al., 2020a).
These clouds contribute to creating ozone depleting substances (Brasseur, 2005). Fur-
thermore, the weakening of the vortex allows the mixing of ozone rich mid-latitude air
into the pole. Both these effects in combination lead to a smaller ozone hole (Solomon
et al., 1986). The SSW also impacts the Southern and Northern Annular Modes5 (SAM
and NAM). If easterlies appeared they can couple to the troposphere, and push the
SAM or NAM into a negative index, which can last for months (Shen et al., 2020a;
Taguchi and Hartmann, 2005).
5Explained in section 3.3
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3.6.2 Southern Hemisphere Occurrence
The first widely recorded Antarctic SSW occurred in September 2002. It was deemed
major and the vortex shifted off the pole, eventually splitting into two. Later, one
piece reformed into a weakened polar vortex (Ricaud et al., 2005). This impacted the
ozone hole, which experienced 20% less ozone loss compared to previous years (Hoppel
et al., 2003).
In September 2019 a minor SSW occurred. This is visualised in Figure 1.2. In late
August temperatures in the stratosphere increased by 50 K (Yamazaki et al., 2020),
see Figure 3.9(a). The polar mesospheric winds reversed and the winds at 10 hPa and
60◦S decelerated by 60 m/s, a larger deceleration than some NH events (Rao et al.,
2020), see Figure 3.9(b). The vortex also shifted off the pole in the upper stratosphere,
but, remained closer to the pole, albeit with weaker winds, in the lower stratosphere.
Whilst the 2002 SSW was classified as major, according to the WMO definition, the
2019 event was minor (Yamazaki et al., 2020). Due to their rarity, the causes of SSWs
in the SH are not well understood.
Eswaraiah et al. (2016, 2018, 2020) have further reported of a less well known, minor SH
warming in September 2010. Whilst the 2019 and 2010 are both deemed minor, their
dynamics were different. The 2010 event had a reversal of the temperature gradient
poleward of 60◦S from September 15, and the temperature increased by about 30 K at
80◦S and 10 hPa (Eswaraiah et al., 2018). The zonal winds at 60◦S at 10 hPa weakened
by only 20-25 m/s (Eswaraiah et al., 2016). Hence, it appears that the 2010 upper
atmospheric dynamics were not very similar to 2002 and 2019, which both experienced
rapid warming and wind reversals in the upper stratosphere and mesosphere.
3.6.3 Current Understanding of Sudden Stratospheric Warm-
ing Triggers
As mentioned previously, current understand states SSWs form after planetary waves
and the mean flow interactions (Matsuno, 1971). The Arctic experiences more SSWs
due to its topography. The Northern mid-latitudes are ringed by mountain ranges,
perfect for producing planetary waves (Duck et al., 2001). An enhancement of wave
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Figure 3.9: Stratospheric polar temperature at 10 hPa and zonal winds, obtained from
the MERRA-2 reanalysis for 2019 (Yamazaki et al., 2020).
activity over winter causes disruption to the vortex, as the waves deposit their mo-
mentum at higher altitudes (Brasseur, 2005). However, Antarctica is enclosed by flat
oceans, which don’t excite waves as effectively (Holton, 2012). During September 2019,
however, the largest recorded tropospheric wave forcing in the South Hemisphere oc-
curred (Shen et al., 2020b).
As discussed by Baldwin et al. (2020), the occurrence of SSWs are potentially modu-
lated by various large scale atmospheric modes, including the Quasi-Biennial Oscillation
(QBO), the Semiannual Oscillation (SAO) (however, the links with the SAO are not
well understood), the El Ninõ-Southern Oscillation (ENSO), and the Madden Julian
Oscillation (MJO). The phases of the QBO have been found to influence the polar
vortex and occurrence of NH SSWs (Holton, 2012). It was discovered (concerning the
NH) that the easterly QBO phase coincides with more SSWs (Richter et al., 2011).
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Other known nonlinear interactions with the QBO and SSW occurrence in the NH
include those with the solar cycle (Labitzke, 2005). Due to the scarcity of SH SSW
events, similar relationships connecting the solar cycle, QBO and SSWs have not been
identified.
Recent work by Gray et al. (2020) noted the importance of the equatorial mesosphere
and upper stratosphere on forecasting Northern Hemisphere SSWs. Their modelling
study found that SSWs were only reproduced well when the flow in the equatorial upper
stratosphere was constrained, simulating the two atmospheric modes in this region, the
SAO and the QBO. Similar results were previously presented by Pascoe et al. (2006); in
their troposphere-stratosphere-mesosphere global circulation model with forced QBO
and SAO like variability, the timing of the NH mid winter warming advanced by about
one month.
Whilst many studies have investigated the troposphere for the answers concerning
SSWs, the works of Pascoe et al. (2006) and Gray et al. (2020), discussed above,
highlight the potential role of the upper atmosphere in the build-up to a SSW, with a





The second Modern-Era Retrospective analysis for Research and Applications (MERRA
Version 2, MERRA-2) is a National Aeronautics and Space Administration (NASA) at-
mospheric reanalysis1 product that begins in 1980 (Bosilovich et al., 2016). MERRA-2
has a horizontal resolution, latitude x longitude, of 0.5◦× 0.625◦ with 42 vertical levels
from the surface to 0.01 hPa (Gelaro et al., 2017).
We visualise vortex behaviour using daily averages, either directly or calculated, from
the MERRA-2 outputs; geopotential height and zonal wind and potential vorticity 2.
These are plotted on orthographic maps at various pressure levels.
To investigate the connections between the SAO, QBO and SSW we used the zonal
wind, geopotential height and temperature information from MERRA-2, averaged into
daily means. We focus on the vertical pressure range of 550 to 0.1 hPa (∼ 5-65 km)
and the austral winter (June-July-August-September-October, JJASO).
MERRA-2 was run in four production Streams (Bosilovich et al., 2016). The first three
covered the periods 1980-1991 (stream 100), 1992-2000 (stream 200) and 2001-2010
1Reanalysis datasets are created by assimilating ("inputting") climate observations using the same
climate model throughout the entire reanalysis period. Cited from https://psl.noaa.gov/data/
gridded/reanalysis/
2Which we calculated using equation (2.40)
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(stream 300), and the final stream from 2011-present (stream 400). Each stream had
initial conditions derived from MERRA with a subsequent single year spin-up period,
details of the process can be found in Bosilovich et al. (2016); Bosilovich and Coauthors
(2015); Gelaro et al. (2017). This means that the years are not run continuously from
1980 until now.
In later analysis, results from several years are averaged based on the streams. All
years presented here were also analysed individually. The stream analysis ensures that
decadal variability of the SAO and QBO intersections are not lost in a large average,
as the initial conditions change across the streams in MERRA2.
4.2 Semiannual Oscillation
The SAO is known to have a period of six months, however, it has appreciable inter-
annual variability (Smith et al., 2020). Here, we focus our investigation on the easterly
SAO maxima that occurs close to 1 hPa during the Southern Hemisphere winter, this
region is highlighted in Figure 3.7. At 1 hPa MERRA-2 has been found to repres-
ent the easterly SAO in qualitative agreement with satellite derived winds (Kawatani
et al., 2020), giving confidence that the SAO representation, about 1 hPa, is reason-
ably realistic. This has also been confirmed by Ern et al. (2021) who state "MERRA-2
produces a reasonable SAO also in the middle mesosphere, and the SAO in the stra-
topause region is likely more realistic than in ERA-Interim and JRA-553". Between
1-0.1 hPa, however, MERRA2 underestimates the easterly maximum (Kawatani et al.,
2020). Note that the entire MERRA2 sometimes presents stronger westerly extremes
when compared to other reanalysis data sets (Kawatani et al., 2020).
4.3 Quasi-Biennial Oscillation
To analyse SAO and QBO intersections in the upper equatorial stratosphere, we focus
on years with easterly QBO (eQBO) phase specifically in the MERRA-2 zonal mean
zonal wind. Analogous to Rao et al. (2020), we take the QBO phase at the 10 hPa
pressure level, which Rao et al. has shown provides predictability in the SH SSW
3Which are other reanalysis data sets
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cases. QBO structure and dynamics in MERRA-2 reanalysis are discussed in detail in
Coy et al. (2016), who conclude that MERRA-2 displays a realistic QBO behaviour in
zonal winds. We verified this by contrasting to sonde observations of zonal wind from
Singapore and found the two to be consistent, as expected (Coy et al., 2016).
For this study, eQBO is taken to be present, if the monthly mean 10 hPa equatorial
flow is easterly during the austral winter months of June/July. Both years 2019 and
2002 have an upper stratospheric eQBO present during the winter. This is not the case
for the aforementioned year 2010, when the equatorial upper stratosphere exhibits a
westerly QBO phase.
To contrast the years 2002 and 2019 to others with similar large scale equatorial flow,
other years with equivalent conditions, i.e. eQBO phase, during the austral winter
months were analysed. The eQBO years in the MERRA-2 period were 1980, 1983,
1988, 1990, 1993, 1995, 1997, 1999, 2004, 2006, 2008, 2011, 2014, and 2017. In later
analysis, the easterly QBO years have been split by model stream: i.e. 1980, 1983,
1985 and 1990 are stream 100; 1993, 1995, 1997 and 1999 are stream 200; 2004, 2006
and 2008 are stream 300; and finally, 2011, 2014 are stream 400. We note that all years
were analysed individually as well as in groups based on streams.
The years 1988 and 2017 are considered separately as their dynamics were found to
be unique, as both experienced mesospheric wind reversals in October. These years
were thus analysed individually, and will be discussed separately from the other eQBO
years. The 2017 polar vortex was reported to have experienced a disruption due to
enhanced planetary wave activity throughout winter (Klekociuk et al., 2020). This
led to a smaller than average spring ozone hole. There has been reports of an SSW
occurrence in 1988 (Kanzawa and Kawaguchi, 1990), but to our knowledge this has
not been verified subsequently.
4.4 Wave propagation
We calculate the Eliassen-Palm flux (EP flux) from MERRA2 fields to visualise wave
propagation and momentum deposition. As discussed in section 2.3.4 the EP flux is a
vector in the meridional plane, its direction and magnitude illustrate the relative im-
portance of the eddy heat flux and the momentum flux (Brasseur, 2005). As planetary
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stationary scale waves can only propagate where the zonal flow is westerly (eastward),
the location of the zero-wind line (0 m/s) forms a barrier for planetary scale wave
propagation.
We use the spherical versions of EP flux, as done by Edmon et al. (1980)4. The
meridional (Fφ) and vertical (Fz) components are:
Fφ = −a cos(φ)u′v′ (4.1)




where a is the radius of the Earth, and φ is the latitude in the Northerly direction, θ is
the potential temperature, u and v are the zonal and meridional components of wind.
Overbars denotes a mean and ′ indicates deviation from the mean of the parameter in
question.
The φ component of EP flux, equation (4.1), is proportional to the momentum flux
u′v′. The z component, equation (4.2), is proportional to the meridional heat flux v′θ′
(Brasseur, 2005).
The divergence of the EP flux indicates when and where momentum is being deposited.
The convergence (negative values) and divergence (positive values) of the EP flux cor-
respond the deceleration and acceleration of zonal westerly winds (Holton, 2012). The
upcoming EP flux results were calculated from the MERRA-2 data fields: temperat-
ure5 , eastward wind, and northward wind (T, u, v), according to Edmon et al. (1980),
with the additional scaling for display purposes as described by Bracegirdle (2011).
4Who leave out the density term and scale the terms appropriately instead
5Which became potential temperature, equation 2.27
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Chapter 5
Polar Vortex Position during the 2019
Antarctic Sudden Stratospheric
Warming
This thesis will first establish a timeline of events for the 2019 SH SSW. We begin
before the initial disturbance and conclude with the warming. The dates when the
vortex undergoes significant change will be highlighted. Note, these dates vary between
different atmospheric levels. This work was necessary, as this project began before much
of the published work was available.
5.1 Geopotential Height
We investigate how the disruption to the Antarctic winter vortex varied in altitude
and in the months June, July August, September and October (JJASO). Geopotential
height (GPH), as derived in section 2.3.1, has a linear relationship with temperature,
and is lower over cooler regions. Hence, it is commonly used to estimate vortex position
(Safieddine et al., 2020).
Using the GPH we explore how the vortex changed at various heights, where sharp
gradients represent the vortex edge. Since meteorological data has many pressure
levels (i.e the ẑ coordinate), we choose to investigate three which represent notably
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(a) August 7 (b) August 25 (c) September 15
Figure 5.1: Zonal mean zonal wind (filled contour ms−1) for winter 2019; latitude range
90◦S to 90◦N; and vertical range 550-0.1 hPa. Grey lines represent 0.1, 2 and 40 hPa
pressure levels (top to bottom). Dates given in labels.
different conditions in the atmosphere - note that these levels were chosen before the
relevance of the QBO was known.
Firstly, 0.1 hPa, represents the middle mesosphere (∼65 km). Then 2 hPa (∼ 40
km), is in the upper stratosphere. Finally, 40 hPa (∼ 25 km) resides in the middle
stratosphere. Figure 5.1 shows these pressure levels on three pressure-latitude plots,
which contain the zonal mean zonal winds during three different dates during austral
winter 2019.
Daily averages of geopotential height were analysed on orthographic maps for these
three pressure levels. Whilst this analysis was done for the whole time period (JJASO),
three representative dates are selected are selected for each pressure level. These illus-
trate when changes to the vortex position occurred.
Figure 5.2 shows the vortex at 0.1 hPa, which sits in the lower mesosphere (∼ 65 km).
In mid August the vortex (deep blue contours) shifts towards South America, into
the sector 140◦W - 0◦ (clockwise), as seen in Figure 5.2(a). The end of August sees
the vortex shift again, Figure 5.2(b), roughly into the sector 160◦W-80◦W (clockwise).
By mid September the mesospheric vortex has started dissipating, as noted by the
increase in geopotential height from a low of 60 km to 62.5 km, see Figure 5.2(c). The
remains of the vortex can be crudely made out as a slightly lower Geopotential height,
compared to the background, over the South American quarter, 160◦W-0◦ (clockwise).
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Note that the white line is a product of projecting this data onto a orthographic map.
Figure 5.3 illustrates the vortex at pressure 2 hPa, (∼40 km), which is the upper
stratosphere. At the end of August the vortex, identified as the low around 39 km
GPH is shifted towards South America, 160◦W-40◦W (clockwise), and an anticyclone
appears to its east, see Figure 5.3(a). By early September, Figure 5.3(b), the vortex
has reduced in size. Eventually both the vortex and the anticyclone weaken, see Figure
5.3(c), with the vortex now having a geopotential low of 41 km compared to 39 km in
August, and the anticyclone being at 42.5 km.
The final altitude investigated is 40 hPa, or ∼ 25 km - the mid stratosphere, and is
shown in Figure 5.4. The vortex experiences a slight shift in early September, as seen in
the Figure 5.4(a), into the region ∼ 160◦W to 40◦E (clockwise). This is consistent with
the overlaying altitudes, however, unlike the previous cases, the vortex still resides
mostly over Antarctica. It remains near the pole throughout September but does
weaken in strength, seen as the decreased area of the 20 km contour in Figure 5.4(b).
In October, Figure 5.4(c), an area of high geopotential height sits in the Australian
quarter which shifts the vortex slightly towards the Atlantic, 120◦W - 40◦E (clockwise).
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(a) August 18 (b) August 28
(c) September 11
Figure 5.2: Geopotential height at 0.1 hPa (∼65 km), during SH winter 2019. Dates
given in labels.
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(a) August 28 (b) September 7
(c) September 22
Figure 5.3: Geopotential height at 2 hPa (∼40 km), during SH winter 2019. Dates
given in labels.
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(a) September 9 (b) September 27
(c) October 10
Figure 5.4: Geopotential height at 40 hPa (∼25 km), during SH winter 2019. Dates
given in labels.
5.2 Zonal Wind
To gain a different view of the vortex behaviour we now investigate the zonal wind.
The location of the strong band of westerlies (west to east directed winds) signifies
the vortex edge, and provides insight into the behaviour of the vortex during winter
2019. The zonal winds are investigated at 0.1, 2 and 40 hPa, the same pressure levels
as before.
Figure 5.5 shows the westerly winds in the lower mesosphere at 0.1 hPa. In mid August
the strong westerlies (positive values in contour) are replaced by easterlies (negative
values in contour) off the east coast of Antarctica, between longitudes 40◦E-120◦E
(clockwise). Furthermore, the westerlies shift equator-wards to 30◦-40◦S, as seen in
Figure 5.5(a). In late August the westerly wind band has weakened, with the strongest
portion sitting over South America, 120◦W-40◦W clockwise, between 30◦-50◦S, seen in
Figure 5.5(b). By September, the strongest winds sit west of South America, 160◦W-
80◦W (clockwise), see Figure 5.5(c), with the majority of the mesospheric airspace over
the pole now dominated by easterlies.
In late August the westerly zonal winds in the upper stratosphere (2 hPa) shifts towards
South America, and equator-ward to latitude 40◦-60◦S, see Figure 5.6(a). Over the
course of September the strong westerlies (positive values) weaken, and the easterlies
(negative values) strengthen see Figure 5.6(b). By September 18 only a small band,
between 80◦W - 40◦W, of weak westerlies (now with a maximum of 40-80 m/s compared
to 80-120 m/s in late August) remains over South America, see Figure 5.6(d).
In mid-August at 40 hPa, i.e. in the middle stratosphere, the strongest westerly winds
are east of Antarctica, between 0◦-160◦W (clockwise), and between 70◦-50◦S, see Figure
5.7(a). In early September this band has shifted about 30 degrees west, 5.7(b). The
rest of September sees the overall wind band stay similar, see Figure 5.7(c), but become
weaker, with the patch of westerly wind greater than 60m/s having shrunk in Figure
5.7(c) compared to Figure 5.7(a).
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(a) August 8 (b) August 30
(c) September 8
Figure 5.5: Zonal wind at 0.1 hPa (∼65 km), during SH winter 2019. Dates given in
labels.
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(a) August 27 (b) September 8
(c) September 18
Figure 5.6: Zonal wind at 2 hPa (∼40 km), during SH winter 2019. Dates given in
labels.
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(a) August 25 (b) September 8
(c) September 22
Figure 5.7: Zonal wind at 40 hPa (∼25 km), during SH winter 2019. Dates given in
labels.
5.3 Potential Vorticity
Lastly, we use the potential vorticity on the 850 K surface, near 10 hPa, to show wave
breaking along the vortex edge during the winter of 2019. As explained in section
2.3.3, the vortex is the area of high PV, which is negative over Antarctica, and Ertel’s
potential vorticity visualises wave break as filaments being torn off the vortex edge.
We chose the 850 K isotropic surface as it corresponds to roughly 10 hPa, which is in
the upper stratosphere.
Figure 5.8(a) shows a PV filament being torn off on the Eastern side of Antarctica in
late July. Another larger filament is also sheared off in Figure 5.8(b) in early August.
By mid August, Figure 5.8(c), the vortex at this level sits to the west, and has shrunk
since July. Wave breaking is again occurring towards the end of the month, Figure
5.8(d). By the time of the SSW, Figure 5.8(e), the vortex has shifted to the west, and
shrunk, which is consistent with the zonal wind and potential height analysis. Another
large filament is also shorn off. Note that this wave behaviour begins before there is
noticeable changes to the vortex, given by the GPH and zonal wind analysis as occurring
in August. This analysis shows that planetary wave breaking began affecting the upper
vortex in July, with larger areas of PV being shorn off as the winter progressed. The




Figure 5.8: Potential Vorticity [PVU] at 850 K ∼10 hPa, over Antarctica during winter
2019. Note that this figure is made of five individual panels, which (for clarity) continue








Figure 5.8: Panels (d)-(e)
5.4 Chapter Summary
Geopotential height, zonal wind and potential vorticity were used to identify the
Antarctic vortex behaviour during winter 2019. We found that the vortex experi-
ences two disruptions - which are identified, across the different levels, as events which
shifted the vortex off the pole. The first disruption occurs in mid August, and the other
two weeks later. The first moves the mesospheric vortex off the pole, and is noted as a
smaller latitudinal displacement in the mid stratosphere. The second occurrence saw
the mesospheric vortex shifted again, followed by its complete dissipation, noted by the
disappearance of a steep geopotential height gradient. However, the response of the
upper stratospheric vortex is a shift off the pole in early September, with continually
weakening throughout the rest of the month. The middle stratospheric vortex only
weakens due to the disturbance without significant shifting.
This geopotential height, zonal wind and potential vorticity analysis gives the first piece
of the story of the 2019 SSW. The vortex behaved differently in the various atmospheric
layers, with disturbances and the subsequent reactions more intense at higher altitudes.
The potential vorticity analysis shows that the upper vortex began being affected by
wave activity in July. Large filaments of PV were shorn off throughout the winter
- with the largest shearing event occurring in the month before the SSW. This led
to the consideration; why is the mesosphere reacting not only first but the strongest
to whatever disturbances the vortex was experiencing? This question motivated our
second analysis, which follows in the next chapter.
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Chapter 6
The Semiannual Oscillation and
Quasi-Biennial Oscillation Intersection
before the 2002 and 2019 Sudden
Stratospheric Warmings
Motivated by the discovery that the upper atmosphere, the mesosphere and upper
stratosphere, reacted earlier (in August) and stronger (with a more pronounced shift
towards South America) to the late winter disturbances pummeling the polar vortex,
we attempted to understand what was driving this behaviour.
Here, we present how the two equatorial atmospheric modes, the semiannual oscil-
lation (SAO) and quasi-biennial oscillation (QBO), explained in sections 3.4 and 3.5
respectively (see Figure 3.6 for a visualisation of the QBO and Figure 3.7 for the SAO)
intersect before the 2019 and 2002 SH SSWs. We show how this intersection is unique
(with regards to timing, latitudinal and vertical extent) to these two years, plus two
additional years with October mesospheric wind reversals. A new theory is then out-
lined on how this behaviour could be one of the key physical drivers instigating a SSW.
The full examination of this theory, however, is beyond the scope of this work. Ways
that this theory would be further investigated are suggested in the conclusion of thesis.
The results presented in this chapter are published in (Nordström and Seppälä, 2021).
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6.1 Minor Warming of 2019
Figure 6.1 showed the 7 day averaged zonal mean zonal wind (coloured, filled contours),
along with the propagation of planetary scale waves during the austral winter of 2019,
with the EP flux arrows illustrating the direction of wave movement. The location of
the zero-wind line (contour of 0 m/s zonal mean zonal wind velocity), which forms a
barrier for planetary wave propagation, as explained in section 4.4, is visualised as a
thick white line. Furthermore, the EP flux convergence (dashed line contour) indicates
where the waves dissipate and deposit easterly momentum to the atmospheric flow,
acting to decelerate it, as explained in section 2.3.4.
The austral winter of 2019 saw the QBO in the easterly descending phase at 10 hPa,
see Figure 6.1(a). Note, that the eQBO signal already exists around 10 hPa, and is
distinct from the descending easterly SAO (seen here above 1 hPa). The westerly
QBO, however, may be seeded by the westerly phase of the SAO (Kuai et al., 2009).
Note that in this portion of the atmosphere, the MERRA-2 SAO was deemed to have
a slight westerly bias (Kawatani et al., 2020).
During late June the easterly phase of the SAO is present in the mesosphere. Poleward
of the SAO signal, in the SH mesosphere, easterly momentum deposition is taking place,
which decelerates the mesospheric zonal mean zonal flow. Later, between July 13-19
the descending SAO and QBO intersect south of the equator, forming a long zero-wind
line at roughly 30◦S that extends from 40 hPa to ∼0.5 hPa, see Figure 6.1(b). Easterly
momentum continues to be deposited in the mesosphere, further decelerating the zonal
wind.
By August 24-30 the zero-wind line formed by the QBO and SAO moves down, and
comes to sit between 40 and 3 hPa, see Figure 6.1(c). The zonal mean zonal wind in
the mesosphere has decelerated from about 80 m/s to roughly 40 m/s, as a result of
the continued momentum deposition. Furthermore, easterly momentum continues to
be deposited below and above the stratopause. Between September 7-13, just before
the SSW is observed in the stratosphere1, zonal mean zonal wind in the mesosphere has
reversed, with this easterly wind band connecting all the way through to the equatorial
QBO, see Figure 6.1(d). Easterly momentum continues to be deposited around the
stratopause at high latitudes, with deposition also further down into the stratosphere.
1The official onset was September 15
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Note that in this zonal mean picture the winds do not reverse down further than the
mesosphere, but the winds in the stratosphere do weaken, from about 80 m/s to ∼40
m/s.
In this zonal average view with a longitudinal asymmetry, as indicated by Figure 5.6,
the behaviour of the EP flux arrows relative to the reversed zonal flow look unrepres-
entative of wave propagation. It appears that wave propagation from the SH polar
region towards the equator continues although the zonal mean zonal wind has turned
easterly. This, however, is not physically realistic as waves cannot propagate through
the zero wind line, as mentioned in section 4.4.
To get a more physically realistic view, Figure 6.1(d) was averaged in accordance
to how the vortex shifted, as seen in Figure 5.6(b), clockwise from 40◦E to 140◦W
and from 140◦W to 40◦E, respectively. Now we find more consistent behaviour in
the mesosphere and upper stratosphere. This is shown in Figure 6.2(a), where the
mesospheric and upper stratospheric winds (down to about 20 hPa) at 60◦S reverse
on the mainly Eastern side of Antarctica, connecting into the equatorial QBO. On the
largely Western side of Antarctica, in the mesosphere and in the sector encompassing
the shifted vortex, the westerlies shift towards South America, and reverse over the
pole as seen in Figure 6.2(b), providing a pathway for wave propagation towards the
equator. Note that these figures should be used as indicative only. For any further
investigation the localised EP fluxes should be recalculated following the approach of
Plumb (1985) or similar.
An alternative plot Figure 6.3 shows the time evolution of the zonal mean winds at
15◦S-20◦S, during June-July 2019 and between 100-0.1 hPa. We see the SAO appears
in early June and the intersects with the eQBO in late July.
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Figure 6.1: 7 day average zonal mean zonal wind (filled contours, ms−1) and Eliassen-
Palm (EP) flux (arrows, m2s−2) for the austral winter 2019 from MERRA-2. Each
figure covers the latitudinal range of 90◦S to 90◦N and the vertical range of 550 hPa
to 0.1 hPa. The time periods (exact dates as given in figure titles) shown have been
selected to depict the evolution of the events. EP flux convergence is indicated with a
white dashed line. The solid white line shows the location of the zero-wind line.
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Figure 6.2: The same as Figure 6.1 (d), but with averaging over the longitudinal sectors
(clockwise) (a) 40◦E-140◦W and (b) 140◦W-40◦E . Note that these figures should be
considered indicative only. See text for details
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Figure 6.3: Temporal evolution (June 1 to July 31, 2019) of the zonal mean zonal wind
(ms−1) in the vertical range of 100 hPa to 0.1 hPa, averaged between 15-20◦S. The
white line signifies the zero-wind line.
6.2 Major Warming of 2002
Figure 6.4 is analogous to Figure 6.1 but now for the austral winter of 2002. Again the
QBO is easterly at 10 hPa, similar to 2019. Between June 8-14 the easterly phase of the
SAO is present in the mesosphere as seen in Figure 6.4(a). Note again that this section
of the atmosphere in MERRA-2 is subject to a westerly bias. Easterly momentum
is also deposited throughout the mesosphere and upper stratosphere at roughly 60◦S,
leading to deceleration of the zonal winds in this region. In Figure 6.4(b), June 15-
21, the SAO and eQBO wind patterns intersect, similar to 2019, well before the SSW
event2. The resulting zero-wind line extends from roughly 30 hPa to 0.3 hPa close to
30◦S, extending the barrier for planetary wave propagation into the SH mesosphere and
upper stratosphere. During this time easterly momentum continues to be deposited in
the mesosphere.
After this intersection, an enlarged eQBO sits between 50-2 hPa extending to about
40◦S from the equator, pushing the zero-wind line with it and thus blocking wave
propagation towards the equator throughout most of the upper stratosphere, see Fig-
ure 6.4(c). Easterly momentum continues to be deposited in the mesosphere and upper
stratosphere. By this time the winds throughout the polar atmosphere have deceler-
ated in the lead up to the SSW. In Figure 6.4(d), we see the polar winds dramatically
reverse between September 21-27 from 0.1 hPa down to about 50 hPa, coinciding with
the 2002 stratospheric warming.
The time evolution of the zonal mean winds at 15◦S-20◦S during June-July 2002 is
shown in Figure 6.5. Here we see the eQBO and easterly SAO wind patterns inter-





Figure 6.4: As Figure 6.1 but for the year 2002. The time periods (exact dates as given
in Figure titles) shown have been selected to depict the evolution of the events. Panel
(d) corresponds to the SSW and vortex split event.
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Figure 6.5: As Figure 6.3, but for the year 2002
.
6.3 Comparison to other eQBO years
With the indication that the SAO and the eQBO winds intersected in the months
leading up to the SSW events in 2002 and 2019, we now proceed to investigate other
potential occurrences of this type of intersection during SH winter months. The SAO
is known to occur regularly, but with appreciable inter-annual variability (Smith et al.,
2020). The QBO has an average period of 28 months.
6.3.1 SAO-QBO intersections in 1988 and 2017
In our analysis of individual years, the choosing of which is detailed in section 4.3,
there was a wave-mean flow intersection, similar to the cases of 2019 and 2002, taking
place during two additional austral winters: 1988 and 2017.
The early winter characteristics of 1988 has a close resemblance to 2019. The 1988
SAO-QBO intersection occurs about a week later, which are delayed to late September
in 1988. During early July 1988, see Figure 6.6(a), an easterly QBO and SAO exist in
the equatorial atmosphere. Later that month the two features merge, forming a zero-
wind line from the mid stratosphere up to the mesosphere, see Figure 6.6(b). In late
August the feature has subsided as an enlarged eQBO, with its zero-wind line extended
poleward compared to its position in July, see see Figure 6.6(c). In late September the
zonal mean zonal mesospheric winds reverse, see Figure 6.6(d).
Figure 6.7 is as Figure 6.1, but for the austral winter of 2017. Figure 6.7(a) shows
the easterly SAO in the mesosphere and the QBO in the stratosphere. Poleward of
the SAO in the mesosphere, EP flux convergence similar to 2002 and 2019 is taking
place. The SAO and QBO features intersect earlier, between June 29 - July 5, creating
an extended zero-wind line at 30◦S from 40 hPa to 0.3 hPa, see Figure 6.7(b). As
before, the zero-wind line subsides in August, extending now from 40 hPa to 3 hPa,
see Figure 6.7(c). Meanwhile, easterly momentum continues to be deposited in the
mesosphere throughout these winter months, but, this is does not extend as far into
the stratosphere as in 2002 and 2019. Further investigation into this may explain the




Figure 6.6: As Figure 6.1 but for the year 1988. The time periods (exact dates as given
in Figure titles) shown have been selected to depict the evolution of the events.
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Figure 6.7: As Figure 6.1 but for the year 2017. The time periods (exact dates as given
in Figure titles) shown have been selected to depict the evolution of the events.
6.3.2 Remaining eQBO years
Here, we present similar analysis to Figure 6.1, however, instead of individual years, the
averaging is now based on the MERRA-2 streams (Bosilovich et al., 2016) described
in section 4.1. Note that all years were initially analysed individually – the stream
averages were found to be representative of the individual years, and no SSW like
behaviour was observed for the individual years.
Figure 6.8 shows the zonal mean zonal wind, EP flux and EP flux convergence averaged
over June 15-21, July 6-12, August 10-16 and August 31 - September 6, averaged
for the years 1980, 1983, 1985 and 1990. In Figures 6.8(a) and (b), the SAO wind
pattern is noticeable, but not as pronounced as the years 2002 and 2019, above 1 hPa.
Figures 6.8(c) and (d), show how the easterly QBO evolves, but no noticeable easterly
momentum is deposited. No SAO-QBO intersection is taking place during June-July.
For 1980 and 1983 we find the SAO-QBO intersection taking place, but later in winter,
late July/early August, compared to 2002 and 2019, and the zero-wind line in both
cases does not extend into the mesosphere, leaving the wave propagation pathway to
the equator accessible.
Figure 6.9 is the same as Figure 6.8 but now averaged for the years 1993, 1995, 1997
and 1999. The results are very similar to Figure 6.8; Figures 6.9(a) and (b) show the
SAO in the mesosphere in June and July. Figures 6.9(c) and (d) show the enlargement
of the eQBO wind pattern and the return of westerlies to the Northern Hemisphere.
None of the individual years displayed a SAO-QBO intersection similar (with regards
to timing (June/July) and zero-wind line extent) to 2002 and 2019 at any point during
winter.
Figure 6.10 is the same analysis but now averaged for the years 2004, 2006 and 2008.
Figure 6.10(a) now shows the SAO in the mesosphere in June, similar to 2002 and 2019.
The SAO and QBO show signs of early intersection, however, this is not sustained into
late July, Figure 6.10(b). This results in a zero-wind line between roughly 10 and 1
hPa, smaller vertical extent than the two in 2002 and 2019. Figures 6.10(c) and (d)
show eQBO enhancement and the return of westerlies to the NH as austral winter fades
into spring.
The average for the remaining eQBO years, 2011 and 2014, is shown in Figure 6.11.
In early July we find a weak SAO signal at 1 hPa, see Figure 6.11(a), however, it does
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not extend far into the SH as happened in 2019 and 2002. No early winter momentum
deposit takes place in the winter mesosphere. The SAO and QBO intersect, as seen
in Figure 6.11(b) in late July, coinciding with easterly momentum deposit in the polar
mesosphere. However, much like in Figure 6.10, this SAO-QBO pattern is not pushed
beyond 30◦S, unlike the SSW years. The QBO stays enhanced into August see Figure
6.11(c). The QBO eventually subsides into the lower stratosphere in September, see
Figure 6.11(d).
In general, the eQBO and SAO both appear in the years analysed here, however, their
vertical and poleward extents vary. This seems to influence the timing and extent on
the SAO-QBO intersection. The two SSW years, 2002 and 2019, have a large (with
regards to vertical range and poleward extent) eQBO at 10 hPa, and a large (vertical
range and poleward extent) SAO in the mesosphere before their intersection in July,
which produces a zero-wind line stretching from the stratosphere into the mesosphere.
The SSW-like years of 1988 and 2017 have similar early winter behaviour to 2002 and
2019, however, mesospheric wind reversal takes place later. The 1980s and 1990s were
characterised by having both a smaller (with regards to vertical distance and poleward
extent) QBO and SAO which sometimes intersected in late winter. Whilst the 2000s
had a smaller QBO and larger SAO, which intersected but did not produce a zero-wind
line similar to the SSW years. The 2010s had a large eQBO, with a smaller SAO which
did intersect in July, however, no SSW was produced in September.
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Figure 6.8: As Figure 6.1 but averaged over 1980, 1983, 1985 and 1990. Time periods
for the 7 day averages as given in the Figure titles.
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Figure 6.9: As Figure 6.1 but averaged over 1993, 1995, 1997 and 1999. Time periods
for the 7 day averages as given in the Figure titles.
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Figure 6.10: As Figure 6.1 but averaged over 2004, 2006 and 2008. Time periods for
the 7 day averages as given in the Figure titles.
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Figure 6.11: As Figure 6.1 but averaged over 2011 and 2014. Time periods for the 7
day averages as given in the Figure titles.
6.4 Chapter Summary
To summarise, the easterly QBO and easterly SAO appear in the stratosphere and
mesosphere respectively. In the years analysed, however, the QBO’s and SAO’s vertical
and poleward extents vary. This seems to influence the timing and extent on the SAO-
QBO intersection. The two SSW years, 2002 and 2019, have a large (with regards
to vertical range and poleward extent) eQBO at 10 hPa, and a large (vertical range
and poleward extent) SAO in the mesosphere before their intersection in July, which
produces a zero-wind line stretching from the stratosphere into the mesosphere. The
SSW-like years of 1988 and 2017 have similar early winter behaviour to 2002 and
2019, however, mesospheric wind reversal takes place later. The 1980s and 1990s were
characterised by having both a smaller (with regards to vertical distance and poleward
extent) QBO and SAO which sometimes intersected in late winter. Whilst the 2000s
had a smaller QBO and larger SAO, which intersected, but did not produce a zero-
wind line similar to the SSW years. The 2010s had a large eQBO, with a smaller
SAO which did intersect in July, however, no SSW was produced in September. This
suggests that not only may the particular phases, of the QBO and SAO, be important
for preconditioning the area for a SSW, but their vertical and poleward extents (and




The austral vortex had a varied response to the 2019 sudden stratospheric warming.
The upper stratospheric and lower mesospheric vortex was pushed off the pole, whilst
in the middle stratosphere it remained pole-centric. This upper atmospheric vortex
movement, however, happened well in advance of the ’SSW onset date’ - September
15 - with the mesospheric vortex all but disappearing before then. This behaviour
directed us to the upper atmosphere, where we asked ’What could be causing this
early disruption?’
The equatorial atmosphere in 2019 had an early winter SAO-QBO intersection, with
coinciding easterly momentum deposition in the polar mesosphere. The well known
SH SSW year, 2002, also exhibited this behaviour. During both years the SAO is a
clear feature of easterly winds extending into the SH when it reaches 1 hPa. Note
that this is where Kawatani et al. (2020) finds that MERRA-2 represents the SAO in
qualitative agreement with satellite derived winds, giving confidence that the annual
variability in the MERRA-2 SAO pattern should be reasonably well captured. This
shift from (polar) westerly to (low latitude) easterly winds changes the waveguide in
the mesosphere, which may amplifying the easterly momentum being deposited in
the mesosphere from early winter. While we recommend that more work should be
done to robustly verify this, it is consistent with linear atmospheric wave theory1.
When the eQBO and easterly SAO wind features merge, they generate a zero wind
line that stretches from the lower stratosphere into the mesosphere near 30◦S, now
1See section 4.4
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modulating the wave guide across the whole vertical range. This eQBO feature then
continues extending towards the pole into August, with continued easterly momentum
deposit in the polar mesosphere, which acts to decelerate the mesospheric westerlies. By
September, the extended momentum deposition results in a reversal of the mesospheric
winds. The year 2002 saw the zonal mean zonal winds decelerate down to below 10
hPa. In 2019, the mesospheric zonal mean zonal wind reversal intersects with the
equatorial eQBO. In the zonal mean analysis, this suggests that wave propagation,
its source being regions at high and mid-latitudes, is significantly affected, with the
movement of the zero wind line creating a barrier for both equatorwards and upwards
propagation. This elongated zero wind line has the clearest signal in the two SH SSW
years - 2002 and 2019.
The SSW-like years of 1988 and 2017 have a similar SAO-QBO intersection in July.
Whilst the winds did reverse in the mesosphere, in late September-October (later than
we found for 2019 and 2002), there does not appear to be a rapid warming similar
to 2019 and 2002. Although, in 2017 the changes in dynamics were enough to stifle
the growth of the ozone hole (Klekociuk et al., 2020). These differences should be
investigated further in a detailed study of these SSW-like years.
Individual analysis of all other years with similar easterly QBO conditions did not reveal
the same behaviour, i.e the early winter momentum deposition and a similar SAO-
QBO intersection, and its timing, vertical extend and poleward reach. We proceeded
to further analyse these eQBO years by decades, by matching MERRA-2 streams.
Note that each year was also analysed individually. The general behaviour of the
polar atmosphere during eQBO in the 1980s and 1990s was similar. In general, both
decades show a weak signature of the SAO in the mesosphere. However, the SAO-
QBO intersections were either: later in the season (August) or did not result in a clear
poleward shift of the zero wind line. We did not find evidence of easterly momentum
being deposited, with similar magnitudes to 2002 and 2019, throughout the winter.
However, without further analysis one can not say whether this is due to the changes
in zero wind line, or some other physical mechanism. The later decades, the 2000s and
2010s, did in general have a SAO present in the mesosphere in early winter and the
SAO and QBO did intersect in July, similar to 2019. However, this did not result in
continued deposition of easterly momentum through the winter, or mesospheric wind
reversals in September.
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Recently, Gray et al. (2020) reported that in order to accurately simulate NH SSWs in
an atmospheric model, they needed to constrain the model’s global tropospheric winds
and temperatures, and further constrain zonal wind in the equatorial atmosphere above
5 hPa to reanalysis fields. These model results further emphasize those of Gray (2003)
who showed similar results for a middle atmosphere only model: that the high altitude
equatorial atmosphere plays an important role in NH SSWs.
Lim et al. (2018) discovered that the Southern Annular Mode seemed linked to anomal-
ous flow at the stratopause as early as June; which they believe is a potential source of
predictability for the tropospheric SAM. The mechanism proposed was that the early
winter upper atmospheric flow changed the waveguide, allowing waves to disrupt the
vortex, in a similar way to that proposed here. Lim et al. (2019), however, does not
mention what is causing this anomalous flow, which we find here as the SAO-QBO
intersection, or that it could also be preconditioning the atmosphere for SSWs. We
propose that the results presented in this thesis are complementary to those of Lim
et al. (2019), while providing another piece of the SH SSW puzzle.
Although our analysis focuses on the SH SSWs in 2002 and 2019, our results present
a possible physical driver for SH SSW. The early winter SAO-QBO intersection and
subsequent modulation of the waveguide reflects mid-latitude waves up and poleward,
which would, according to linear wave theory, result in easterly momentum deposition
in the mesosphere. The SAO-QBO intersection is not unique to 2019 and 2002 and
was found to happen during other easterly QBO years. However, apart from the two
SSW-like years of 1988 and 2017, the timing and vertical extent, from the middle
stratosphere to the stratopause, of the zero wind line was not found to occur in these
other years. We suggest that this may be a reflection of variations not only in QBO
but also in the amplitude and descent pattern of the SAO, the latter of which, to our
knowledge, is not well understood (see e.g. Moss et al., 2016; Kawatani et al., 2020).
We postulate that this early winter behaviour could be a key physical process in de-
celerating the mesospheric winds, which may precondition the Southern Hemisphere
atmosphere for a SSW. In the case of 2019, may have provided the conditions necessary
for the large tropospheric wave forcing in September reported by Shen et al. (2020b) .
However, this further study is required to validate this claim.
This early winter behaviour may also help explain why SSWs are less common in the
South. We hypothesise that SSWs in the Southern Hemisphere may be more sensitive
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to the waveguide, rather than wave generation - which is thought to be the main
dynamical cause in the NH. However, further work beyond the scope of this thesis is
needed to conclusively confirm this.
The SH atmospheric waveguide may be altered by the early and large SAO-QBO
intersection. This intersection is seemingly dependent on both the QBO being in the
correct phase during astral winter, and the SAO appears to need a large amplitude
and descend down into the stratosphere during the early-mid winter. We find that
the early key patterns start occurring 2-3 months before the SSW event. Thus, this
behaviour of the equatorial middle atmosphere, along with the polar response, may
heed an imminent SSW, potentially providing predictability beyond the current 20-30
day prediction window for for the SH 2019 case (Lawrence and Manney, 2020; Rao
et al., 2020; Domeisen et al., 2020). This in turn could potentially aid subseasonal
to seasonal (S2S) prediction (Domeisen et al., 2019). However, this would need to be
tested in detail for the SH atmosphere. We note that the results presented by Gray
et al. (2020) (their Figures 3-4) suggest that intersection of the SAO and QBO zonal
wind patterns, similar to our SH cases, took place in their simulation approximately 2
months before the onset of the NH January 2009 SSW. As noted by Gray et al. (2020),
the atmospheric region where the SAO originates (mesosphere), tends to be neglected
in model development. Our results provide further evidence that these mesospheric
altitudes are not only important for understanding the NH but also the SH extreme
dynamical events.
As mentioned in section 3.6.3, much work has been done in understanding both causes
and implications of SSWs, particularly in the NH. Baldwin et al. (2020) provide a recent
review of the current understanding, including the many intersections with large scale
atmospheric modes that have been found to influence NH SSW occurrence, including
the QBO, the ENSO, and the MJO. Due to the scarcity of SH SSW events we were
unable to investigate the potential individual influences of these. However, we note
that ENSO conditions, based on the Multivariate ENSO Index (MEI.v2, Zhang et al.
(2019), available at https://psl.noaa.gov/enso/mei/, last accessed 3 Dec, 2020),
were neutral, while the MJO index (Wheeler and Hendon (2004), available at https:
//www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/whindex.shtml, last ac-
cessed 3 Dec, 2020) was positive, during both 2002 and 2019. For the SSW-like years
of 1988 and 2017 the MJO was generally variable during the austral winter, while the
ENSO index was negative, and thus opposite to the two generally recognised SSW
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Figure 7.1: As Figure 3.6, but now including the SAO in the mesosphere/upper stra-
tosphere.
years. These differences, and differences in tropospheric wave forcing, could signal the
importance of teleconnections in the SH polar responses.
Figure 7.1 (adjusted from Figure 3.6) and Figure 7.2 (adjusted from Figure 6.1) sum-
marize the main result of this thesis. Our theory postulates that during the early winter
the upper tropical atmospheric SAO-QBO intersection influences the waveguide and
forces more planetary waves poleward, where they deposit momentum and slow down
the mesospheric/upper stratospheric westerlies. This continued deceleration occurs
























Frigid winters whip the polar winds into a vortex. During a sudden stratospheric warm-
ing, however, stratospheric temperatures rise and the vortex winds weaken. Whilst
common over the Arctic, only two have occurred over Antarctica. Current understand-
ing states that SSWs are the result of a tropospheric enhancement of planetary wave
activity.
The latest occurrence over the Antarctic was in September 2019. Here, stratospheric
temperatures rose by 50 K and the mesospheric winds reversed. This thesis investigated
the dynamics preceding the 2019 SSW, firstly locally around the pole, then extending
towards the equator. Furthermore, we have expanded to consider the 2002 SH SSW
and other years with similar equatorial flow.
SSWs impact their surrounding atmosphere for months after they occur. The 2019
event swung the Southern Annular Mode into its negative phase, pushing the polar
westerlies equatorward. Above Australia these overlaying winds contributed to the
hot and dry conditions, which intensified the 2019 fire season with devastating con-
sequences.
This thesis used MERRA-2 reanalysis data fields to illustrate the movement of the
vortex, and the transfer of energy throughout the atmosphere. We found that the
mesospheric vortex was pushed off the pole well before the SSW onset date, with the
amplitude of this displacement diminishing downwards. Motivated by this discovery,
we next peered into the equatorial atmosphere. We found an intersection between the
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easterly quasi-biennial oscillation, which exists in the stratosphere, and the easterly
semiannual oscillation, which descends down from the mesosphere. During the two
SH SSW years, 2002 and 2019, these two modes intersect, and produce an extended
zero-wind line, which reflects waves poleward. During this time there was also easterly
momentum deposition in the polar mesosphere. We analysed other years with similar
QBO conditions and found the years 1988 and 2017 have a similar SAO-QBO inter-
section, but, with delayed mesospheric wind reversals. Other years considered did not
exhibit similar intersections.
From this we propose a new precursor for Southern Hemisphere sudden stratospheric
warmings: early winter upper equatorial mode intersection directs atmospheric waves
poleward, which then decelerate vortex winds as they deposit their momentum. This
would add to the traditional view of ’tropospheric wave amplification’ which is un-
derstood to be the main driver of SSWs in the Northern Hemisphere. This may also
help explain why these events are rare in the Southern Hemisphere, as it may be more
sensitive to the phases of the QBO and SAO aligning in a certain way, as the two have
different typical periods. Further work on this theory could improve the predictability
of SH SSWs, extending the current ∼20 day window potentially to months. This could
aid forecasters and governments prepare for the impacts of this polar phenomena.
8.1 Outlook
This work could be expanded down infinite pathways, however, here I will expand on
a few interesting routes.
• As mentioned in section 3.6.2 there was large tropospheric wave forcing occurring
during September 2019. One may want to investigate the combined effect of
tropospheric forcing and the SAO-QBO intersection - to understand how both
may facilitate SH SSW conditions, and consider if they form any teleconnections.
• A rigorous statistical analysis between easterly momentum deposition and the
zero wind line should be done. This would determine to what extent the mo-
mentum depositions are related to the movement of the zero wind line.
• A modelling study should be conducted to investigate how sensitive the polar
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mesospheric flow is to equatorial conditions. This would be analogous to the
study of Gray et al. (2020), but for the Southern Hemisphere.
• Our analysis could be repeated for Northern hemisphere SSWs. One could also
repeated our analysis using other data sets with different SAO representations.
• Further work should be done to understand what drives SAO variability and
amplitude.
• Finally, one could attempt to figure out how sensitive the magnitude of SAO-QBO
intersection is to the phases of the SAO and QBO.
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